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The interstitial response to renal injury: Fibroblast—like cells show
phenotypic changes and have reduced potential for erythropoietin gene
expression. To define the potential for erythropoietin gene expression in
injured kidneys, marker gene expression was examined in transgenic mice
bearing a homologously recombined erythropoietin—simian virus 40 T
antigen (Epo-TAg) transgene. Three types of renal injury were studied:
ureteric obstruction, global ischemia following clamping of the renal
pedicle, and focal needlestick injury. All modes of injury were associated
with an expansion of the interstitial space, which contained an increased
number of cells. Alterations observed in the interstitial fibroblast-like cells
included an increased number and complexity of cellular processes,
enhanced expression of contractile elements, particularly of the interme-
diate filament desmin, and reduced expression of ecto-5'-nucleotidase.
Following each type of injury there was a focal or general reduction in the
proportion of such cells that could be stimulated to express Epo-TAg.
However, some positively staining cells were present even in severely
injured regions and more could be recruited to express Epo-TAg by severe
anemic or hypoxic stimulation, indicating that cells with the potential for
erythropoietin gene expression were neither absent nor completely refrac-
tory to stimulation in these regions. In all injured kidneys, Epo-TAg
expression was limited to the fibroblast-like population. Double labeling
experiments showed that cells expressing Epo-TAg also expressed in-
creased amounts of desmin, demonstrating that the myofibroblast features
which develop in response to injury and the capacity for erythropoietin
gene expression are not mutually exclusive.
Relative deficiency of erythropoietin production is an impor-
tant complication of most forms of renal disease [1—31, yet there
have been few attempts to characterize defective production at
the cellular level. In situ hybridization studies have localized
erythropoietin mRNA to a peritubular cell population in the renal
cortex [4, 51, and more recently these cells have been defined as
the flbroblast-likc population within the interstitium [6, I. In
attempting to understand the pathogenesis of erythropoietin
deficiency in kidney disease it is therefore important to charac-
terize the response of these cells to renal injury.
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In this study we describe changes in the renal interstitium and
its capacity for erythropoietin gene expression following three
models of renal injury: ureteric ligation, ischemia, and needlestick
injury. The experiments were performed in heterozygous Epo-
TAg" mice, which bear a marker gene, simian virus (SV) 40 T
antigen, inserted in the 5' untranslated region of the erythropoi-
etin gene by homologous recombination. When individual cells
are stimulated to express the erythropoietin gene they accumulate
a stable nuclear antigen, permitting immunodetection. This
marker gene strategy obviates the problems arising from immu-
nodetection of erythropoietin itself, which re-enters the kidney via
the circulation and glomerular filtration. It also provides advan-
tages over in situ hybridization of erythropoietin mRNA in terms
of resolution, and the ease with which double immunolabeling
experiments can be performed. The EpoTAg" mouse strain
bearing the recombination has been described previously (Line
134.3LC, [6]). Although sustained expression of SV4O T antigen
can lead to cellular proliferation, heterozygous EpoTAgH ani-
mals, which have one copy of the normal erythropoietin gene, a
near normal hematocrit and little basal expression of Epo-TAg,
have a normal number of renal interstitial cells. The recombina-
tion places the marker gene, SV4O T antigen, in the context of all
potential regulatory elements of the native erythropoietin gene,
resulting in essentially identical regulation of the erythropoietin
and Epo-TAg genes in the kidneys of the heterozygous animals
[6].
In each model of injury the interstitium was expanded, with an
increase in the number of leukocyte-related cells and an alteration
in the ultrastructural and antigenic phenotype of the fibroblast-
like cell population. Cells with the capacity for erythropoietin
expression were limited to the fibroblast-like population. In
injured kidneys the proportion of such cells that could he stimu-
lated to express Epo-TAg was either generally or focally reduced
in a manner that correlated with the extent of injury.
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METHODS
Animals
The Epo-TAg" mice used for these experiments were the result
of homologous recombination at the erythropoietin locus (Line
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Table 1. Antibodies used to characterize interstitial cells
Antigen Antibody Dilution Labeling in interstitium Ref
SV4O T antigen Rabbit antiserum 1:1000 Nuclei of cells expressing Epo-TAg —
Ecto-5'-nucleotidase Rabbit antiserum 1:1000 Cortical fibroblast-like cells [9]
Desmin D33 EPOS conjugates neat Fibroblast-like cells —
Fibroblast marker ER-TR7 1:25 Fibroblast-like cells, connective tissue [10]
PECAM/CD31 MEC 13.3 neat Endothelium [11]
CD45 M1/9.3.4.HL2 neat Leukocytes [12]
ER-TR7 was from Biogenesis (Bournemouth, UK) and the EPOS anti-desmin conjugates were from DAKO A/S (Glostrup, Denmark). The source
of other antibodies is given in the Acknowledgments.
134.3LC, [6]). The transgenic colony was maintained under stan-
dard conditions by crosses with mice from the non-inbred strain
MEl. The colony also included genetic material from the inbred
strains C57BL1O and CBA and the non-inbred strain CFLP. Adult
heterozygous mice were studied (aged 6 weeks to 6 months).
Injury
Mice were anesthetized by intraperitoneal injection of 2,2,2
tribromoethanol (Aldrich, Gillingham, UK). The peritoneum was
opened and the right kidney identified. For ureteric ligation, the
ureter was identified using a dissecting microscope, and ligated in
its mid portion with 7/0 silk. For the ischemia-reperfusion model,
the animal was given 100 lU/kg heparin by intraperitoneal injec-
tion prior to anesthesia. Following mobilization of the right
kidney an artery clip was applied to the pedicle. The abdominal
contents were then covered with a swab soaked in 0.15 M NaCl
and the animal was kept warm. After 60 or 75 minutes the clamp
was removed from the renal pedicle. Focal injury was performed
in a similar fashion to that described previously [8]. A 25G (0.5
mm diameter) needle was passed in a sagittal direction through
the right kidney, the point of penetration being approximately 2
mm from the outer edge of the kidney. Five to six needle passes
were made in this fashion, spaced evenly around the kidney.
Following the completion of the renal injury the peritoneum and
abdominal wall were closed.
Anemia and hypobaric hypoxia
Anemia was induced by administration of one to three doses of
freshly neutralized phenylhydrazine (Sigma, Poole, UK) at 12
hour intervals (60 mg/kg by i.p. injection), starting 36 hours before
sacrifice. Hypobaric hypoxia was achieved by placing the animals
in a chamber which was then connected to a pump to achieve an
apparent altitude of 7,200 m, which was maintained for 72 hours
prior to sacrifice.
Preparation of tissues
Animals were sacrificed at a total of five to nine days following
the renal injury, after Epo-TAg expression was induced by
rendering them anemic or hypoxic (see above). For studies on
frozen tissue, the kidneys were removed, cut in half (in a
transverse plane for the post-ischemic and obstructed models, and
in a coronal plane for the focal injury model, so that sections
would be cut orthogonal to the original needle pass), embedded in
Cryo-M-Bed (Bright Instrument Co., Huntingdon, UK) and snap-
frozen in liquid nitrogen. Sections were cut on a cryostat at —20°C
onto glass slides, air dried overnight and then fixed in acetone at
room temperature for 10 minutes.
For perfusion fixation, the aorta was cannulated below the renal
arteries and the kidneys were fixed in situ with PLP (2% parafor-
maldehyde—0.075 M L-lysine monohydroehloride—0.01 M so-
dium periodate in 0.1 M phosphate buffer) or glutaraldehyde (2%
solution in 0.1 M phosphate buffer) for 15 minutes at 110 mm Hg.
When perfusion was successfully established in obstructed kid-
neys, the ureter was cut above the level of obstruction. For
immunostaining the PLP fixed kidneys were then cut in half (as
described above) and embedded in paraffin. For morphological
assessment, sections from these blocks and from glutaraldehyde-
fixed paraffin-embedded kidneys were stained with PAS. For
electron microscopic studies 1 mm wide radial strips were cut
from the glutaraldehyde-fixed kidneys to include cortex and
medulla. These were dehydrated through ethanol, treated with
propylene oxide and embedded in Spurr's epoxy resin. Addition-
ally, 1 xm sections of resin-embedded material were stained with
toluidine blue for light microscopic examination.
RNA analysis
Half of each kidney from selected animals was analyzed for
erythropoietin and Epo-TAg mRNA. Fifty-five micrograms of
total RNA were assayed by RNase protection using a riboprobe
that crosses the cap site of the Epo-TAg fusion gene and protects
fragments of different lengths for Epo-TAg mRNA and erythro-
poietin mRNA, as described previously [6].
Immunolabeling
Frozen sections were incubated with primary antibodies for 45
minutes at the dilution shown in Table 1 [9—12]. Where necessary,
endogenous peroxidase activity was blocked by preincubation with
0.3% hydrogen peroxide/0.1% sodium azide in phosphate buff-
ered saline (PBS). Secondary antibodies (swine anti-rabbit or goat
anti-rat from DAKO A/S, Glostrup, Denmark) conjugated to
horseradish peroxidase (HRP) were applied at a dilution of 1:50
in PBS for 45 minutes, followed by 3'3'diaminobenzidine as
chromogen. For detection of desmin a directly conjugated anti-
body was used (EPOS-HRP anti-desmin). Following labeling,
sections were lightly counterstained with hematoxylin.
SV4O T antigen, ecto-5'-nucleotidase and the fibroblast marker
recognized by the rat monoclonal antibody ER-TR7 [10] could
also be labeled in perfusion-fixed material. Paraffin sections were
dewaxed in xylene and digested with protease Type XXIV (Sigma,
Poole, UK) as a 0.125% solution in PBS at 37°C for 20 minutes.
Sections were then labeled in the same way as the frozen sections.
For double staining of SV4O T antigen and desmin, frozen
sections were used. After blocking endogenous peroxidase, sec-
tions were incubated with EPOS alkaline phoshatase-conjugated
anti-desmin with 1:1000 rabbit polyclonal antiserum to SV4O T
antigen or 1:1000 normal rabbit serum (as a control). After 30
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Fig. 1. Sections from perfusion-fixed control and obstructed kidneys labeled for SV4O T antigen. (A) Control kidney. Nuclei containing SV4O T antigen
are black (arrows), and are present throughout the depth of the cortex, but are more numerous in the deep cortex. This mouse was stimulated with
phenylhydrazine and more cells were recruited than in the control kidneys of the mice in Table 2. G—glomeruli. Final magnification X60. (B)
Obstructed kidney. There are fewer nuclei containing SV4O T antigen than in the control kidney. As in the control kidney, there are more positive cells
in the deep cortex (arrows). In this severely stimulated animal there is an approximately threefold difference in the number of cells expressing Epo-TAg
in the control and obstructed kidney. Final magnification X60.
minutes the sections were washed with Tris buffered saline prior
to application of the EPOS conjugate with 1:50 HRP-conjugated
swine anti-rabbit immunoglobulins. Sections were then incubated
with Fast Red as substrate for alkaline phosphatase followed by
nickel-enhanced 3'3'diaminobenzidine as substrate for HRP.
RESULTS
Effect of renal injury on Epo-TAg gene expression
Two forms of injury to the whole mouse kidney were studied:
obstructive injury following ureteric ligation, and post-ischemic
injury following temporary occlusion of the renal pedicle. In
non-anemic animals crythropoietin gene expression is ordinarily
limited to a few cells, with some form of stimulation being
required for gene induction in the majority of erythropoietin
producing cells. In view of this, examination of the potential for
erythropoietin gene expression in injured kidneys was tested by
induction of anemia or hypoxia prior to sacrifice at five to nine
days following the surgical procedure. Cells with the potential for
erythropoietin gene expression were identified in tissue sections
by immunolabeling for SV4O T antigen, the product of the
Epo-TAg transgene. In each animal the distribution of cells
expressing the Epo-TAg gene was compared in the control (left)
and injured (right) kidney. Different methods of fixation were
used in otherwise identical experiments to provide for either
optimal morphological assessment of injury or immunohistochem-
ical analysis. For quantitative immunohistochemical studies the
kidneys were frozen without fixation, since it was possible that
perfusion-fixation would result in differential fixation of the
injured and control kidneys and might also cause some loss of
sensitivity for SV4O T antigen.
In Epo-TAg' mice we have previously shown that hypoxic
induction of Epo-TAg gene expression in the kidney is closely
similar to that of the native erythropoietin gene [6]. In order to
establish that this relationship holds following renal injury we first
assayed Epo-TAg and erythropoietin mRNA following unilateral
ureteric obstruction and induction of anemia of varying severity in
four animals. The ratio of Epo-TAg to erythropoietin mRNA was
the same in the obstructed kidneys (0.60 0.04) as in the
contralateral control kidneys (0.67 0.05), indicating that the
erythropoietin and Epo-TAg marker genes are induced in parallel
in injured kidneys.
The effect of ureteric obstruction on Epo-TAg gene expression
at the cellular level was studied in sixteen mice. One week after
ureteric ligation, the kidney was hydronephrotic with dilation of
the pelvis and thinning of the renal parenchyma. At the micro-
scopic level many of the tubules were dilated and the interstitium
was expanded, but the glomeruli appeared normal. When sections
were labeled for SV4O T antigen, a similar pattern of Epo-TAg
gene expression was observed in response to both types of hypoxic
stimuli (hypobaric hypoxia or acute anemia). In the control (left)
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Table 2. The effects of ureter ligation and consequent hydronephrosis
on the capacity for erythropoietin gene expression
Days
Animal post-surgery Region Injured Control
Li 5 Superficial cortex
Deep cortex/outer
stripe
0.5 O.8U
9.3 45U
13.4 6.3
28.0 5.2
L2 9 Superficial cortex
Deep cortex/Outer
stripe
0.0 0.0k'
0.8 1.0"
5.9 6.0
15.4 8.3
Animals were exposed to hypobaric hypoxia for 72 hours (a relatively
mild stimulus). For each kidney strips of width 500 xm including the full
depth of the cortex and the Outer medulla were assessed in frozen sections.
Nuclei staining for SV4O T antigen were counted separately for the outer
half of this strip ("superficial cortex") and the inner half ("deep cortex and
outer stripe"). The number of positive nuclei (mean SD, 4 to 6
observations) per unit area (0.25 mm2) is given. In each animal the injured
kidney contained fewer cells expressing Epo-TAg, and these cells were
located predominantly in the deep cortex and outer stripe of the outer
medulla. Animal LI showed a somewhat more pronounced response to
the hypobaric stimulus, as indicated by the recruitment of more cells in the
control kidney.
Significantly different from control kidney (P < 0.05, unpaired f-test)
0.6
0.5
0.45)0
>< -D5)5)
0.2
.9
Cs
0.1
0.0
0 10 20 30 40 50 60
Number of cells expressing Epo-TAg
per unit area in control kidney
Fig. 2. More severe stimulation is more effective in recruiting cells in the
obstructed kidney. Animals of age 48 to 58 days were studied eight days
after unilateral ligation of the ureter, either unstimulated (X) or rendered
anemic with one to three doses of phenylhydrazine (•). The number of
cells expressing Epo-TAg was assessed in four strips of 250 j.m traversing
cortex and outer medulla of the obstructed and control kidneys for each
animal. For each kidney the mean number of cells per unit area (0.0625
mm2) of cortex and outer medulla was calculated, and for each animal the
ratio of this value for the obstructed to the control kidney was plotted
against the number of cells per unit area in the control kidney. The
number of cells expressing Epo-TAg in the obstructed kidney was always
reduced compared to the control kidney (ratio < 1.0). With more severe
stimulation (that is, more cells per unit area in the control kidney) the
difference between the control and obstructed kidneys was generally less
marked (giving a higher ratio of cells in the obstructed to control kidney).
Also shown are animals Li and L2 (c.f. Table 2), which were stimulated
with hypobaric hypoxia (0), a relatively mild stimulus.
Table 3. The effect of ischemic injury (clamping the renal pcdicle) on
the capacity for erythropoietin gene expression
Days post-
Animal surgery Region Injured Control
stripe
Superficial cortex
Deep cortex/outer
stripe
Animals were exposed to hypoharic hypoxia for 72 hours prior to
sacrifice to induce Epo-TAg expression. Cell counts were obtained as in
Table 2. In the injured kidneys there were substantially fewer cells
expressing Epo-TAg, and the positive cells were located predominantly in
the deep cortex rather than in the more severely damaged outer medulla.
Animal CI showed a somewhat more pronounced response to the
hypobaric stimulus, as indicated by the recruitment of more cells in the
control kidney.
Significantly different from control kidney (P < 0.05, unpaired f-test)
0.7
0
x
0
kidney, positive cells were located in the interstitium, often in
clusters, with more cells located in the deep cortex and outer
stripe of the outer medulla than in the superficial cortex (Fig. 1A).
This pattern of gene expression is the same as the pattern of
erythropoietin gene expression described by other groups using in
Situ hybridization of mRNA [4, 5, 7, 13]. Sections from the kidney
with the obstructed ureter showed a reduction in the number of
cells expressing Epo-TAg compared to the contralateral control
kidney (Fig. 1B). Quantitative results for two animals exposed to
hypobaric hypoxia are shown in Table 2. In the injured kidney
positive cells were located predominantly in the deeper part of the
thinned renal parenchyma corresponding to deep cortex and
outer medulla. The intensity of staining in individual cells in the
control and contralateral kidneys appeared similar (Fig. 1). The
difference between the numbers of Epo-TAg expressing cells in
obstructed and control kidneys appeared less marked with more
severe stimulation. Thus, in unstimulated animals or with mild
stimulation in animals, about one twentieth to one fifth the
number of Epo-TAg expressing cells per unit area were observed
in the obstructed kidney compared to the control kidney, whereas
with the most severe stimulation as many as one half the number
were observed (Fig. 2).
The effect of renal ischemia on the capacity for Epo-TAg gene
expression was studied in nine mice. After ischemic injury kidneys
were macroscopically normal. At the microscopic level, damaged
and flattened epithelial cells were observed in some of the tubules,
and the interstitium appeared expanded. The glomeruli appeared
essentially normal. The tubular and interstitial changes were more
marked in the outer medulla. The severity and extent of injury was
more marked with 75 minutes as opposed to 60 minutes of
ischemia. When post-ischemic kidneys were stained in parallel
with the corresponding contralateral kidneys, there was a reduc-
tion in the number of cells containing SV4O T antigen in the
injured kidney as shown in Table 3. The reduction in the number
of cells expressing the Epo-TAg gene was more marked in more
severely damaged kidneys. When perfusion-fixed material was
examined to permit better morphological assessment, it was
apparent that positive cells in the post-ischemic kidney were
Cl 7 Superficial cortex
Deep cortex/outer
C2
2.6 2.7" 14.3 6.3
11.3 10.3" 55.3 7.7
1.5 2.6 0.9 1.8
1.9 3.8" 18.0 15.5
located predominantly in the deeper part of the cortex (Fig. 3 A,
B). Fewer positive cells were seen in the outer medulla, which was
more severely damaged than the deep cortex. Thus, it appeared
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Fig. 3. Sections from perfusion-fixed control
and post-ischemic kidneys labeled for SV4O T
antigen. (A) Control kidney. A strip extending
from the capsule (left) to the inner stripe of the
outer medulla is shown. Interstitial nuclei
containing SV4O T antigen (arrowheads) are
seen in the cortex and in the outer medulla
(OM). Final magnification x40. (B) Post-
ischemic-kidney. An equivalent strip from the
contralateral post-ischemic kidney is shown.
Interstitial nuclei containing SV4O T antigen
are seen in the deep cortex, but not in the
Outer medulla. Tubular damage and interstitial
expansion are also more evident in the outer
medulla. Final magnification x40. (C) Control
kidney. A region from the corticomedullary
boundary is shown. Labeled interstitial nuclei
containing SV4O T antigen (arrows) are seen
throughout this region. Final magnification
><200. (D) Post-ischemic kidney. An equivalent
region from the corticomedullary boundary is
shown. There are fewer cells bearing SV4O T
antigen than in the control kidney. Loss of
Epo-TAg expression is more marked in the
lower part of the micrograph, which represents
the superficial Outer medulla, where the tubular
injury is also more marked. Final magnification
><200.
that local areas of more severe injury were associated with more
marked loss of Epo-TAg expression (Fig. 3 C, D).
To pursue these observations further, we studied the effects of
focal injury with a needle in five mice. This allowed the study of
clearly demarcated damaged and normal areas in adjacent regions
of the same kidney. The needle pass was made in an antero-
posterior direction approximately 2 mm from the renal margin, so
that sections in the coronal plane through the middle of the organ
generally detected the needle track in the outer medulla. Sur-
rounding this there was an area of fibrosis (Figs. 4A and 5A). A
wedge-shaped region extending from the inner medulla to the
capsule appeared damaged, with dilation of some (but not all)
tubules and expansion of the interstitium (Figs. 4A and 5A); the
glomeruli were normal. Tissue sections were labeled for SV4O T
antigen allowing comparison of the injured area and the adjacent,
microscopically normal regions. In the focally injured area there
were fewer positive cells than in the surrounding area. As in the
other forms of injury, a few cells remained positive for SV4O T
antigen (Fig. 4A); most commonly these were near the cortico-
medullary boundary within the injured region, or were situated
near less severely damaged tubules (Fig. 4A).
The similar effects of each model of renal injury on the capacity
for Epo-TAg expression raise the issue as to what changes occur
in the interstitial environment and in the fibroblast-like interstitial
cells in eaeh situation. To investigate this further we studied the
ultrastructural and antigenic characteristics of the interstitium in
each of the three models of renal injury.
Ultrastructural changes in the renal interstitium following
injury
In order to optimize preservation for morphological studies,
injured kidneys from further mice were perfusion-fixed in situ with
glutaraldehyde. In each model of renal injury, an increase in
interstitial volume was apparent and the expanded interstitium
contained an increased number of cells (Fig. 6 A, B). The most
pronounced change was in the fibroblast-like cells, which were
increased in number and had more extensive processes (Fig. 6 B,
C). The processes of the fibroblast-like cells were observed to
form junctions (Fig. 6D) with each other, resulting in an extensive
web-like structure. In addition, certain of the processes showed
areas of longitudinal filaments with electron-dense condensation
(Fig. 6D), which are characteristic of myofibroblast development
[14], and have been described in obstructive nephropathy in
rabbits [15]. Between the cells, clumps of collagen fibers could be
seen (Fig. 6E). These morphological changes were generally more
marked in obstructed kidneys and focally injured kidneys than in
post-ischemic kidneys. An increased number of inflammatory cells
and cells with features of antigen-presenting dendritic cells were
also observed in the expanded interstitium of the focally injured
and obstructed kidneys (Fig. 6A). This was less marked in the
post-ischemic kidneys.
Expression of other antigens associated with fibroblast-like
cells
To further examine the response of the fibroblast-like intersti-
tial cells to injury, we examined the expression of antigens
normally expressed by renal interstitial fibroblasts: ecto-5'-nucle-
otidase [9, 16], the libroblast marker recognized by ER-TR7, and
desmin [17]. In uninjured kidneys, expression of the surface
enzyme ecto-5'-nucleotidase was similar to that reported in rat
kidney [161, being observed in the tubular epithelium and the
cortical interstitium and, in contrast to the rat, was additionally
observed in the glomerular mesangium, consistent with a previous
histochemical study of mouse kidney [18]. Within the intcrstitium,
expression was essentially confined to fibroblasts within the cor-
tical labyrinth. In the expanded interstitium of obstructed kidneys,
staining was substantially less intense, though some areas of
intense staining were preserved focally in the deep cortex, and
correlated with regions containing Epo-TAg positive cells. A
similar reduction in the intensity of interstitial expression of
ecto-5'-nucleotidase was observed in kidneys injured by ischemia
and in the focal areas of injury following neeedlestick penetration
*1 wa1, i-
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Fig. 4. Sections from perfusion-fixed focally injured kidney. (A) Labeled for SV4O T antigen. A radial segment of the section is seen to be injured, with
dilated tubules (demarcated by solid lines). In adjacent regions of the kidney, nuclei containing SV4O T antigen are more numerous and extend from
the inner stripe of the outer medulla to the superficial cortex. In the injured region there are fewer nuclei containing SV4O T antigen, and these are
principally in the deep cortex or associated with less damaged tubules. G is glomerulus. Final magnification X40. (B) Semi-serial section labeled for
ecto-5'-nucleotidase. In the injured region mesangial labeling in the glomeruli (G) is well-preserved. Tubular labeling is generally reduced. In the
interstitium ecto-5'-nucleotidase is also generally less intense. In the damaged segment, areas of relatively preserved labeling for ecto-5'-nucleotidase
correlate with areas containing SV4O T antigen positive nuclei (cf. arrows in A and B). Final magnification X40. (C) Higher power view from a focally
injured region labeled for SV4O T antigen. Interstitial nuclei containing SV4O T antigen are visible. Final magnification X200. (D) Semi-serial section
to (C) labeled for ecto-5'-nucleotidase. Areas with nuclei containing SV4O T antigen correlate with those labeled for ecto-5'-nucleotidase. Final
magnification )< 200.
(Fig. 4B). The occasional areas of intense staining for ecto-5 '- Labeling with ER-TR7 was observed throughout the intersti-
nucleotidase correlated with areas in which the interstitial cell tium of normal kidneys, but especially around the large veins. In
nuclei labeled for SV4O T antigen (Fig. 4). contrast with ecto-5'-nucleotidase, the expression of the fibroblast
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Fig. 5. A. PAS stained section of a perfusion-fixed focally-injured kidney, showing the track of the needle (arrowhead) through the outer medulla with
a radial region of injury extending outwards to the capsule in which the tubules are dilated and the interstitium is expanded (g is glomerulus). Final
magnification x25. (B) Toluidine blue stained semi-thin section showing the boundary (black line) between injured (right) and normal (left) interstitium.
In the injured region the interstitium is expanded with an increased number of fibroblast-like cells (arrowheads). Final magnification x 125. (C) Frozen
section labeled with ER-TR7 (brown). The widened interstitium in the injured radial segment is positive for the fibroblast marker recognized by
ER-TR7 (g is glomerulus). Final magnification X25. (D) Frozen section from a needlestick injured kidney labeled for desmin (brown). Uninjured
interstitium has weak, discontinuous labeling for desmin. In the injured region desmin labeling is more intense and forms a continuous network in the
interstitium. Final magnification x25. (E) Frozen section from an obstructed kidney double-labeled for desmin (red) and SV4O T antigen (nuclear,
brown). The cell indicated (arrow) shows labeling for SV4t) T antigen as well as labeling for desmin (cytoplasm, red). T is proximal tubule. Final
magnification >< 1200. (F) Semi-serial section to that shown in (D) labeled for leukocyte common antigen (brown). In the uninjured region positive cells
are relatively infrequent, whereas there are numerous positive cells in the injured zone. Final magnification X25. Reproduction of this figure in color
was made possible by a grant from Amgen, Cambridge, U.K.
marker recognized by ER-TR7 was well preserved in all the types the interstitial fibrohiast-like cells in the damaged areas (Fig. 5D).
of renal injury (Fig. 5C). To determine whether the fibroblast-like interstitial cells showing
In normal kidney the strongest staining for the intermediate
filament desmin was seen in the arterioles. In addition, the
processes of some of the fibroblast-like cells were weakly positive,
particularly in the Outer medulla. Following ureteric ligation there
was a marked increase in staining for desmin on the interstitial
fibroblast-like cells, which was present at a high level throughout
the expanded interstitium. In the post-ischemic kidney there was
also a substantial increase in the interstitial expression of desmin,
and this was most marked in the outer medulla, thus correlating
with the region of maximal injury to the tubules and with the
particular loss of Epo-TAg expression in this region. Following
focal injury, increased expression of desmin was again observed in
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increased desmin expression retained the capacity for Epo-TAg
expression, sections from obstructed kidneys were double-labeled
with antibodies to SV4O T antigen and to desmin. The majority of
Epo-TAg positive cells stained strongly for desmin, indicating
that, although in the injured interstitium there was reduced
Epo-TAg expression and increased desmin expression, these
patterns of gene expression were not mutually exclusive (Fig. 5E).
Labeling for antigens associated with other interstitial cell
populations
To further characterize the interstitial changes observed after
injury, kidneys were stained for markers expressed by other
interstitial cell populations. Capillary endothelium was identified
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by labeling with a rat monoclonal antibody to PECAM/CD3I
(MEC13.3) [11]. In the normal kidney, labeling with this antibody
identifies endothelial processes that form a continuous plexus
around the tubules. In all three types of injury the labeling for this
antigen was rather less extensive. Much of the interstitium was
negative and staining was no longer continuous around tubules.
Sections were also labeled for leukocyte common antigen using
a rat monoclonal antibody to CD45 [12]. In normal kidney, CD45
positive cells were observed in modest numbers thoughout the
interstitium. Following all three forms of renal injury there was a
substantial increase in the number of these cells, and focal
aggregates were observed (Fig. 5F). When sections were double
labeled for SV4O T antigen and CD45, no cells bore both antigens.
Overall, it was unusual to observe SV4O T antigen positive cells
closely associated with focal aggregates of CD45 positive cells.
DISCUSSION
The principal finding of this study is that following renal injury
a reduced number of interstitial cells expressed the Epo-TAg gene
in response to anemia or hypoxia. This reduction in the number of
positively staining cells was observed irrespective of the nature of
the injury, and was apparent in both anemically and hypoxically
stimulated animals. Several features of the response to injury were
defined. First, the reduction in the number of cells expressing
Epo-TAg was regionally correlated with severity of injury. In
needlestick injured kidneys the reduction in positive cells was
focal. In post-ischemic kidneys, where the most severe injury was
observed in the outer medulla, the most striking reduction in
interstitial cells expressing the Epo-TAg gene was also in this
region. Second, even in severely injured regions occasional posi-
tive cells were observed, and there was no apparent difference in
the intensity of staining in these cells when compared with those
in normal kidneys. Third, in an individual injured area there was
no apparent difference between the fibroblast-like cells that did or
did not express the Epo-TAg gene. In particular, the intensity of
desmin staining was similar. Fourth, although there were clear
reductions in the number of positive cells in injured regions at all
levels of stimulation, more intense anemic or hypoxic stimulation
(as judged by the number of positive cells in the control kidney)
resulted in a greater recruitment of cells in the injured kidney, so
that the greatest disproportion between the injured and uninjured
kidney was seen under conditions of mild stimulation.
Our finding that a reduced proportion of fibroblast-like cells
was induced to express Epo-TAg in injured kidneys, and that
more of these cells could be recruited by more severe stimulation
is consistent with previous observations that rodents and humans
with renal failure produce significant amounts of erythropoietin
from the kidney and increase erythropoietin production in re-
sponse to severe anemia or hypoxia [19—23]. It indicates that the
cells are neither destroyed nor rendered completely refractory to
stimulation. Rather, they have an apparently altered threshold for
gene expression. Such an effect could arise because renal oxygen
tensions are perturbed by the injury (perhaps because of reduced
tubular oxygen consumption [24]) so that the effective hypoxic
stimulation is less. Alternatively, such behavior could indicate that
the cells themselves had an altered threshold for stimulation of
Epo-TAg expression.
Another finding of interest was the correlation between re-
duced interstitial cell labeling for 5' ectonucleotidase and reduced
Epo-TAg expression. Other correlations between renal interstitial
expression of ecto-5'-nucleotidase and erythropoietin expression
have been noted previously. Both are inducible by anemic stimu-
lation [25] and both are confined mainly within the cortical
labyrinth being much reduced in the medullary rays [161. Despite
these associations it is unlikely that ecto-5'-nucleotidase (which
catalyses the production of adenosine from adenosine monophos-
phate) is causally involved in the signaling system for eiythropoi-
etin gene regulation. Within regions expressing both genes it is
not unusual to find cells expressing one gene but not the other [6,
7]. Thus, in the normal renal cortical labyrinth a proportion of the
ecto-5'-nucleotidase positive cells do not express erythropoietin,
whereas in the outer stripe of the outer medulla morphologically
similar fibroblast-like cells express erythropoietin but not ecto-5'-
nucleotidase. Nevertheless, the association observed here be-
tween Epo-TAg expression and ecto-5'-nucleotidase is of interest
and suggests that at least some of the regulatory mechanisms may
be shared.
In keeping with previous reports of rapid alterations in the
interstitium following renal injury [15, 26—28], we observed sev-
eral other changes in each of the three models of injury studied.
In all forms of injury at five to nine days there was an expansion
of the interstitium, with an increased number of cells. In partic-
ular, the number of CD45 positive (leukocyte-related) cells was
increased. The vascularity of the interstitium appeared to be
somewhat reduced in extent and complexity, consistent with
previous observations in human renal disease [29]. In the injured
interstitium the fibroblast-like cells were altered, showing in-
creased numbers of cellular processes and contractile elements
associated with myofibroblasts. Similar changes have been de-
scribed previously in obstructive uropathy in the rabbit [15].
Consistent with this, the expanded interstitium showed labeling
for ecto-5'-nucleotidase and the fibroblast marker recognized by
ER-TR7 (both associated with renal interstitial fibroblasts) and
increased labeling for desmin (associated with myofibroblasts).
While we did not examine the time course of this response in
detail, we have observed increased numbers of leukoeytes and
increased expression of desmin within 24 hours of renal injury
(data not shown), in keeping with other reports indicating the
Fig. 6. Electron micrographs of injured interstitium. Injured kidneys were perfused in situ with 2% glutaraldehyde. (A) Low power view of expanded
interstitium following ureteric ligation. In addition to the stellate fibroblast-like cell (F) there are a number of inflammatory cells [macrophages (M),
lymphocytes (L) and eosinophils (E)] and capillaries (Ca) within the interstitium. Certain proximal tubules appear damaged (Da) with expanded
cxtracellular spaces (arrows) and detachment of the basal lamina (arrowheads). Bar is 5 xm. (B) Low power view through the interstitium of a focally
injured region showing fibroblasts (F) with numerous interconnecting stellate processes (arrowheads), a capillary (Ca), and a few collagen fibers (C),
but with no inflammatory cell infiltrate. Bar is 5 /xm. (C) Part of the interstitium from an obstructed kidney, showing a fibroblast (F) with cell processes
connecting with adjacent processes. Note area within the fibroblast showing smooth muscle differentiation (arrowhead). Bar is 2 (D) Detail of the
periphery of a fibroblast from the same kidney as (C), showing filaments with dense condensations (arrowheads) characteristic of myofibroblasts. Note
also the pseudojunction between the cell and an adjacent cell process (arrow). Bar is 0.5 jxm. (E) Low power view of a region from a focally injured
kidney showing clumps of collagen fibers (arrow) surrounded by fibroblasts (F). Bar is 2 sm. Abbreviations are: Ca, capillary; CD, collecting duct; DT,
distal tubule; er, endoplasmic reticulum.
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rapidity of these changes in injured kidneys [15, 26—28]. Other
studies have shown that erythropoietin expression is also reduced
rapidly (within two hours) following renal injury [23, 30]. Any
alteration in the responsiveness of the Epo-TAg gene to hypoxic
stimulation could therefore be related to the observed alteration
in the phenotype of the fibroblast-like cells themselves. Alterna-
tively, such altered responsiveness might relate to altered anatom-
ical contacts with other cells in the interstitium or to paracrine
effects of other cells in the injured renal interstitium. In this
respect it is of interest that cytokines such as TNF-a or IL-i have
been found to reduce erythropoietin production by hepatoma cell
lines and isolated perfused kidneys [31, 321.
In summary, injured kidneys have a reduced potential for
erythropoietin gene expression. All forms of injury induced
multiple changes in the renal interstitium. Irrespective of the type
of injury or mode of stimulation a reduced proportion of the
fibroblast-like cells could be induced to express Epo-TAg in
injured kidneys indicating that these cells are partially, but not
totally, refractory to stimulation in the altered interstitial micro-
environment.
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